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[57] ABSTRACT 
An automatic responsivity control (ARC) circuit com 
pensates for the nonuniform deviation AR in the aver 
age responsivity R of a column of photodetectors from 
a nominal responsivity R0 which is uniform from col 
umn to column. The ARC circuit ?rst establishes a 
reference level by subtracting two known calibration 
signals occurring during optical retracing and then mul 
tiplies the reference level by each image signal occur 
ring during optical scanning. The resulting product 
contains undesirable signal components or terms which 
are algebraic functions of AR2 and other terms which 
are algebraic functions of AR. The terms in AR2 are 
ignored because AR is signi?cantly less than R0. The 
terms in AR are eliminated by establishing a second 
reference level, which itself includes terms in AR, and 
then subtracting the foregoing product from the second 
reference level. If the bias voltages applied to the ARC 
circuit are adjusted according to a formula discussed in 
the detailed description, this second subtraction results 

> in a cancellation of all terms in AR. The resulting output 
signal therefore contains only terms in AR2 which are 
negligible, and thus the output signal is substantially 
free of distortion due to responsivity deviations. 

14 Claims, 16 Drawing Figures 
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AUTOMATIC RESPONSIVITY CONTROL FOR A 
CCD IMAGER 

TECHNICAL FIELD 

This invention is related to charge coupled image 
sensors in which automatic responsivity control is re 
quired to compensate for variations in photodetector 
responsivity. 

BACKGROUND OF THE INVENTION 

Charge coupled device (CCD) image sensors are 
well-known in the art and are discussed in Sequin et al, 
Charge Transfer Devices, Academic Press, New York 
(1975), pages 142-200. Such charge coupled imagers 
include focal plane arrays of semiconductive photode 
tectors formed on the surface of a semiconductor sub 
strate. The detectors are arranged in columns, each 
column of detectors adjacent and parallel its own CCD 
column register, into which each of the detectors in the 
column feeds charge. The focal plane array includes a 
plurality of parallel columns of photodetectors and a 
corresponding plurality of CCD column registers. The 
plurality of column registers transfers charge from the 
plurality of photodetectors into a multiplexing register 
disposed at the top of the photodetector columns and 
perpendicular thereto. An optical system focuses an 
image onto the focal plane array. Simultaneously, 
charge transfer occurs in the plurality of column regis 
ters and in the multiplexing register so that the charge 
packets dumped out of the multiplexing register corre 
spond to real time serial data analogous to a television 
signal. The ?eld of view may be increased and the sig 
nal-to-noise ratio improved by having the optical sys 
tem scan an image across the focal plane array in a 
direction parallel to the columns of photodetectors and 
toward the multiplexing register in synchronism with 
the charge transfer in the readout column registers. It is 
well-known to those skilled in the art that this type of 
scanning results in time delay and integration of station 
ary images in each of the column readout registers. 
A signi?cant problem which limits performance of 

focal plane arrays is that the responsivities of individual 
photodetectors in the array are typically non-uniform. 
The term “responsivity” refers to the ratio of the 
amount of current generated in a semiconductor photo 
detector divided by the power of the beam of photons 
incident on the detector, which ratio is a constant char 
acteristic of the physical properties of an individual 
detector. If the non-uniformity in responsivity is suf? 
cient, the average responsivity of each of the columns of 
photodectors may differ widely from column to col 
umn, distorting the serial data dumped from the multi 
plexing register. Although it is possible to make substan 
tial compensation for such distortion using conventional 
techniques, such conventional compensation requires 
additional hardware provided externally of the focal 
plane array substrate, including hardware to demulti 
plex the output signal dumped from the multiplexer 
register and to provide timing and memory functions. 
Such additional hardware consumes space and power, a 
signi?cant disadvantage. 

SUMMARY OF THE INVENTION 

The problem of signal distortion due to non-uniform 
detector responsivity is solved by the present invention 
in which charge coupled automatic responsivity control 
is provided at the output of each column of photodetec 
tors to compensate for nonuniformity in the average 
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2 
responsivities of the various columns of photodetectors. 
The automatic responsivity control is provided by a 
charge coupled circuit formed on the focal plane array 
substrate. One such circuit is provided at the output of 
each serial column register to provide the requisite 
correction for detector responsivity deviation before 
the data is dumped into the multiplexing register. The 
automatic responsivity control (ARC) circuit compen 
sates for the non-uniform deviation AR in the average 
responsivity R of a column of photodetectors from a 
nominal responsivity R0 which is uniform from column 
to column. Operation of the ARC circuit substantially 
eliminates the effect of the responsivity deviation AR 
on the video output signal. 

’ Charge packet output from each column of photode 
tectors comprises a serial train of image signal charge 
packets and calibration charge packets. On-chip pro 
cessing is accomplished by splitting the output so that 
the image packets are transferred into one channel 
while the calibration packets are transferred in another 
channel, thus providing two separate signals which may 
be processed separately and combined to produce an 
improved result. 
The ARC circuit ?rst establishes a bias-free reference 

level by subtracting two calibration charge packets of 
different predetermined sizes which are generated dur 
ing the retrace movement of the optical scanning de 
vice. Then, during the subsequent scanning movement 
of the optical device when image signal charge packets 
are generated, the ARC circuit multiplies the image 
signal charge packets by the reference level previously 
established. The resulting product contains the desired 
signal components (or “terms”) which are algebraic 
functions of the uniform responsivity R0 and R02 and 
other undesirable terms which are algebraic functions 
of AR and AR2. The AR2 terms may be ignored because 
AR2 is typically a very small number in comparison 
with R0. In order to eliminate the remaining AR terms, 
the ARC circuit establishes a second reference level 
which itself includes terms in AR and AR2 and then 
subtracts the foregoing product from the second refer 
ence level. It is a discovery of this invention that, if the 
reference levels are properly adjusted by a particular 
selection of the bias voltages applied to the ARC circuit 
in accordance with a formula discussed in the detailed 
description below, this second subtraction results in a 
cancellation of all terms in AR. The resulting output 
signal thus contains substantially only the desired terms 
in R0. As a result, the output signal is substantially free 
of distortions due to the responsivity deviation AR, and 
thus the desired correction is achieved without having 
to use hardware external of the focal plane substrate. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is best understood by reference to the 
accompanying drawings of which: 
FIG. 1 is a simpli?ed perspective view of a CCD 

scanning focal plane array imager incorporating the 
ARC circuit of the present invention; 
FIG. 2 is a simpli?ed schematic representation of a 

single column of photodetectors in the focal plane array 
of FIG. 1; 
FIG. 3a is a simpli?ed block diagram of the ARC 

circuit of the present invention; 
FIG. 3b is a schematic diagram of the ARC circuit of 

the present invention; 
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FIG. 3c is a plan view of the main CCD channel and 
retrace CCD channel of the ARC circuit corresponding 
to FIGS. 3a and 3b; 
FIG. 4a is a timing diagram illustrating the movement 

of the optical system illustrated in FIGS. 1 and 2; 
FIG. 4b is a diagram of the time domain waveform of 

the photon beam power incident on the focal plane 
array column of FIG. 2 corresponding in time to the 
diagram of FIG. 4a; 
FIG. ‘5 includes diagrams of various time domain 

waveforms occurring in the ARC circuit of FIG. 3b 
plotted on a time scale expanded from that of FIGS. 4a 
and 4b beginning at time Tp of FIGS. 4a and 4b and 
ending at time TQ of FIGS. 40 and 4b, of which: 
FIG. 5a is a diagram of the time domain waveform of 

the clock signal rpm-ff; 
FIG. 5b is a diagram of the time domain waveform of 

the clock signal ¢1; 
FIG. 5c is a diagram of the time domain waveform of 

the clock signal qbz; 
FIG. 5a’ is a diagram of the amount of charge trans 

ferred into the main channel of the ARC circuit of FIG. 
3b as a function of time; 
FIG. Se is a diagram of the time domain waveform of 

the clock signal (MR1; 
FIG. 5f is a diagram of the time domain waveform of 

the clock signal ¢S1; 
FIG. 5g is a diagram of the time domain waveform of 

the clock signal (1)32; 
FIG. 5h is a diagram of the time domain waveform of 

the clock signal (buzz; and 
FIG. 51‘ is a diagram of the time domain 

the clock signal (#53. 

DETAILED DESCRIPTION OF THE 
INVENTION 

I. Brief System Description 
A. The System Without the Invention 
A simpli?ed charge coupled device imager system is 

illustrated in FIG. 1 including a semiconductor sub 
strate 1, an optical device 3 and an aperture or ?eld stop 

waveform of 

. 5. The optical device 3 may include a complex system of 
mirrors, lenses and servo systems. However, in the 
simpli?ed illustration of FIG. 1 the optical device 3 is 
depicted as a simple lens which focuses a light ray 7 
passing through a narrow image element 9 in the ?eld of 
view 10 de?ned by the ?eld stop 5 onto approximately 
the entire surface of the substrate 1. A plurality of pho 
todetectors 11 is arranged in a plurality of vertical col 
umns on the surface of the substrate 1, and a plurality of 
charge couple device (CCD) readout column registers 
13 are disposed adjacent and parallel the plurality of 
vertical columns of photodetectors 11. Light or infrared 
radiation focused by the optical device 3 onto the sub 
strate surface causes the plurality of detectors 11 to 
generate and dump charge packets into the plurality of 
column registers 13. The charge packets are transferred 
upwardly in serial fashion in each CCD column register 
13 into a horizontal multiplexing CCD register 15. The 
charge packets are transferred in serial fashion in the 
horizontal multiplexing register 15 to provide a serial 
output of charge packets representative of a multiplexed 
video signal analogous to a television signal. The ele 
ments 11, 13, 15, formed on the substrate 1 thus provide 
a focal plane array of the type discussed in Sequin et a1, 
Charge Transfer Devices, Academic Press, New York 
(1975), on pages 142-200. In the preferred embodiment 
of this invention to be described below, the device is an 
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4 
infrared image sensing charge coupled device wherein 
the semiconductive substrate 1 is silicon and the plural 
ity of photodetectors 11 comprise doping impurities in 
the substrate such as phosphorous, gallium or indium, as 
discussed in the Sequin publication. In this embodiment, 
the focused infrared radiation causes each photodector 
11 to dump charge packets comprising holes into the 
column readout register 13. 
The optical device 3 includes a servo system 17 con 

trolled by processor 19 which causes the optical device 
3 to scan the narrow image element 9‘vertically down 
ward to cover the entire ?eld of view 10in synchronism 
with charge transfer in the column registers 13, and 
then to retrace the image element 9 vertically upward. 
In the simpli?ed schematic drawing of FIG. 1, the opti- ~ 
cal device 3 is depicted as a simple lens which the servo 
system 17 rotates under control of a processor 19 about 
a center line 21 in a clockwise direction in the perspec 
tive view of FIG. 1, so that an object 23 forming an 
image 25 within the image element 9 produces an image 
27 on the surface of the substrate 1 which moves verti 
cally upward synchronously with charge transfer in the 
plurality of column registers 13, in accordance with the 
scanning movement of the optical device 3. Such a 
scanning movement causes the image of a stationary 
object included in the image 9 to be repeated in verti 
cally successive ones of the photodetectors 11 in each 
vertical column. Thus, as charge packets are transferred 
vertically upward in the column register 13, the image 
of stationary objects is time domain integrated as serial 
data loaded into the horizontal multiplexing register 15, 
signi?cantly improving signal-to-noise ratio of the 
video signal which is read out of the horizontal multi 
plexing register 15. This type of signal processing is 
well-known in the art as CCD time delay and integra 
tion and was described by Erb and Nummedall, “Buried 
Channel Charge Couple Devices for Infrared Applica 
tions,” CCD Applications Conference, Proceedings 
(18-20 September 

1973), pages 157-167. 
B. The Problem Solved by the Invention 
A fundamental problem in CCD focal plane arrays is 

that the responsivities of the various detectors 11 are 
typically non-uniform, which creates spatial distortion 
of the video output signal. The current of charge gener 
ated by a particular photodetector 11 divided by the 
power of the beam of photons incident on that detector 
characterizes the responsivity of that detector, which 
typically varies among different detectors. Each verti 
cal column of photodetectors 11 on the substrate 1 has 
an average responsivity characterized by the collective 
reponsivities of the individual photodetectors 11 in 
cluded in that column. The average responsivity of a 
column of photodetectors 11 may differ signi?cantly 
from the average reponsivity of other columns of pho 
todetectors 11, which causes spatial distortion of the 
video signal dumped out of the multiplexing register 15. 
In the prior art, while the technology has existed to 
provide electronic correction for deviation in respon 
sivities between vertical columns of photodetectors 11, 
such correction is typically provided externally of the 
monolithic focal plane array because of the complexity 
of the correcting hardware. Speci?cally, because the 
video data dumped out of the horizontal register 15 is 
multiplexed, such correcting hardware would have to 
include demultiplexing, timing and memory functions. 
A signi?cant disadvantage of such external correction is 
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that the system becomes bulkier, more complex and 
costly. 

C. The Invention in Brief 
1. Structure of the Invention 
In the present invention, an automatic responsivity 

control (ARC) circuit 30, illustrated in simpli?ed block 
diagram form in FIG. 3a, compensates for non-uniform 
responsivity deviations and is a charge coupled device 
which is integrated into the focal plane on the surface of 
the substrate 1. Referring to FIGS. 1 and 2, the ARC 
circuit 30 is disposed between the output of a single 
column readout register 13 and a parallel input to the 
horizontal multiplexing register 15. Referring to FIG. 
3a, the ARC circuit 30 includes a main channel 40 
which receives charge packets from the output register 
13, a retrace channel 42 into which charge packets are 
diverted from the main channel 40 during the retrace 
movement of the optics 3, a multiplier 70 having an 
input 70a connected to the output of the main channel 
40, a subtractor 56 having its input connected to the 
output of the retrace channel 42 and its output 56' con 
nected to another multiplier input 70b. Another sub 
tractor 84 is connected between multiplier output 70' 
and a processor 89. The processor 89 controls the out 
put of charge packets into the multiplexing register 15 
from a CCD charge injector 90 in response to the out 
put from the subtractor 84. A bias voltage source 30a 
provides requisite bias voltages to each of the compo 
nents 56, 70, 84 of the ARC circuit 30. 

2. Theory of Operation of the Invention 
The average reponsivity R of a given column of pho 

todetectors 11 may be characterized as a uniform re 
sponsivity R0 (which is the same for all columns) plus a 
non-unform deviation AR (which may differ uncontrol 
lably between columns). The purpose of the ARC cir 
cuit 30 is to substantially reduce the effect of the non 
uniform responsivity deviation AR on the output of the 
CCD injector 90. 
The operation of the ARC circuit 30 is illustrated in 

the block diagram of FIG. 3a. Hot and cold reference 
charge packets, Vim; and Vmld, are generated when the 
image element 9 is traced across the hot and cold sur 
faces 33,35 respectively during the retrace movement of 
the optics 3. The Vhm and Vcold charge packets are 
transferred from the column register 13 into the main 
channel 4-0 and are immediately diverted into the sepa 
rate retrace channel 42 and subtracted from one another 
in the subtractor 56 to create a difference reference 
voltage V1,, at the subtractor output 56’. The reference 
voltage Vhc is independent of any DC bias in the photo 
detectors 11 or the CCD column register 13 by virtue of 
the subtraction performed. The reference voltage Vhc 
thus established during the retrace movement of the 
optics 3 is then maintained at the subtractor output 56’ 
throughout the subsequent scanning movement of the 
optics 3. 
During the subsequent scanning movement of the 

optical device 3 in which the narrow image element 9 is 
moved vertically downward in the ?eld of view 10 
between the hot and cold surfaces 35,33, an image signal 
charge packet, Vsfg, is clocked upwardly in the CCD 
column register 13 as the charge output from each pho 
todetector 11 successively adjacent the charge packet 
Vsfg is integrated in the manner of time delay and inte 
gration as previously described. When the Vsig charge 
packet reaches the top end of the column register 13, it 
is clocked into the main channel 40 in the ARC circuit 
30 where it is sensed as an image signal Vsig. The image 
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6 
signal Vsig is applied as a voltage to the multiplier input 
70a. Meanwhile, the difference signal V},C at the sub 
tractor output 56' is applied to the other multiplier input 
70b so that the multiplier 70 operates to produce an 
output product signal Vm at its output 70', where: 

The magnitudes of the signals Vsig and VhC are each 
determined by the average responsivity R=R0+ AR of 
the corresponding column of photodetectors 11 adja 
cent the vertical column register 13. Therefore, the 
resulting product signal Vm is a function of (R0+AR)2 
and thus contains the desirable terms in R0 and R02 and 
also contains undesirable terms in AR and AN. The 
non-uniform responsivity deviation AR is typically 
much smaller than R0 so that the term AR2 is not a 
signi?cant source of distortion and may be ignored. 
Therefore, the only remaining task of the ARC circuit 
30 is to eliminate the terms in AR to provide the desired 
correction. This is accomplished by forming a third 
reference signal V, (which is itself a function of 
(R0+AR)2) which is then subtracted in the second 
subtractor 84 from the product signal V», to produce an 
output signal V0u,=Vm—V,. It is a discovery of this 
invention that, by adjusting the reference signals Vim, 
V, in accordance with a particular selection of the bias 
voltages supplied to the ARC circuit 30 from‘ the bias 
voltage supply 30a, the second subtraction Vm—Vr 
results in a cancellation of all terms in AR, thus achiev7 
ing the desired result. This selection will be discusse 
below. ‘ 

II. Detailed Description of the System With The 
Invention 
A. Optical Scanning Signal Generation 
Referring to FIG. 2 and to the schematic diagram of 

FIG. 3b, the ARC circuit 30 receives charge packets 
from the register 13 and outputs charge packets into the 
multiplexing register 15. FIG. 2 shows a typical column 
register 13 which includes a plurality of upper and 
lower level electrodes 13a, 13b disposed over the top 
surface of the semiconductive substrate 1 and insulated 
therefrom by an insulating oxide layer (not shown). 
Each of the column registers 13 is a charge coupled 
device serial register of the type well-known in the art 
and discussed in the Sequin publication referenced 
above. Each vertical column of photodetectors 11 adja 
cent a corresponding vertical column register 13 re 
ceives light rays passsing through a corresponding por 
tion of the image element 9 focused onto the focal plane 
of detectors 11 by the optical device 3. The image ele 
ment 9 is scanned vertically downward in the ?eld of 
view 10 by movement of the optical device 3, so that 
images of stationary objects focused on a vertical col 
umn of photodetectors 11 move vertically upward in 
the column in synchronism with charge transfer in the 
corresponding column register 13 to achieve the time 
delay and integration of images discussed previously. 

Accordingly, the servo mechanism 17 and the proces 
sor 19 controlling movement of the optical device 3 
must be synchronized with charge transfer in the col 
umn register 13. For this purpose, each of the pairs of 
upper and lower level electrodes 13a, 13b are connected 
together, alternate pairs receiving a clock signal (121 and 
remaining pairs receiving a complementary clock signal 
(1)2 from a clock generator 44 shown in FIG. 3b, the 
clock signal (1)1 being applied to the processor 19 con 
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trolling movement of the optical system 3 to provide 
the requisite synchronization. 
The scanning and retrace movement of the optical 

system 3 under control to processor 19 is plotted in 
FIG. 4a, showing that the optical device 3 places the 
image element 9 at the top 35a of the cold reference 
surface 35 at time To and causes the image element 9 to 
begin scanning vertically downward, which is indicated 
in FIG. 4a as a decrease in the height of the image 
element 9 from the top 35a of the cold surface 35. At 
time Ta the image element 9 is located at the bottom 35b 
of the cold surface 35 so that the image element 9 com 
mences traversing the ?eld of view 10 de?ned between 
the hot and cold surfaces 33,35. At time T1, the image 
element 9 is located at the top 33a of the hot surface 33 
and at time Tc the image element 9 reaches the bottom 
33]; of the hot surface 33, at which time the processor 19 
causes the servo 17 to retrace the movement of the 
optical device 3 so that the image element 9 rapidly 
moves back to its original position at the top 35a of the 
cold surface 35. At time Td the image element 9 is again 
located at the top 35a of the cold surface 35 and the 
entire movement is repeated in a periodic manner. 
FIG. 4b illustrates the power of the beam of incident 

photons on a particular one of the photodetectors 11 as 
a function of time in accordance with the plot of FIG. 
4a, clearly showing the random image signal Hsig re 
ceived by the photo detector 11 from time Ta to time 
T1,, the large reference signal Hhot received while the 
image element 9 scans the hot surface 33 from time T1, 
to time Tc, the rapid drop in signal from time Tc to time 
Td when the image element 9 passes between the hot 
and cold surfaces 33, 35 and the small reference signal 
Hmld received from time Td to time Te when the image 
element 9 scans the cold reference surface 35. The time 
period from time T1, to time Te shall be called the “re 
trace” period. 

Referring to FIGS. 5b and 5c, the time domain wave 
forms of the clock signals (D1 and (D2 are shown in an 
expanded time scale corresponding to the time window 
between times T1, and Tq of FIGS. 4a and 4b. The clock 
signal (1)1 is applied to the processor 19 to synchronize 
the movement of the optical device 3 with the transfer 
of charge in the column registers 13. The processor 19 
may be of any type well known in the art which may 
count pulses from the clock signal (D; to increased the 
rotation of the servo mechanism 17 until a predeter 
mined count is reached at time TC, at which time the 
movement is retraced until the original position is 
reached at the Td. 
The charge clocked into the main channel 40 from 

the column register 13 is plotted as a function of time in 
the diagram of FIG. 5d using the same time scale as 
FIGS. 5b and 50, clearly showing the transition be 
tween times Tc and Td from the hot reference signal 
charge packets Vim, (corresponding to the irradiance of 
the hot surface 33) to the cold reference signal charge 
packets Vmld (corresponding to the irradiance Hmld of 
the cold surface 35). FIG. 5d also shows the transition at 
time Te between the cold reference signal charge pack 
ets V601,; and the image signal charge packets Vsfg (cor 
responding to the image irradiance Hsig). 

B. Signal Processing 
1. The Retrace Channel 42 
FIG. 3c is a detailed plan view illustrating the struc 

ture of the main channel 40 and the retrace channel 42. 
The main channel 40 is de?ned by a channel stop 40’ 
and an overlying plurality of insulated CCD clock elec 
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trodes 40a and 40b of the same type as the electrodes 
13a. 13b of the column register 13. Charge transfer from 
right to left in the main channel 40 is effected by means 
of the clock signals 4)] and (1)2 applied to alternate pairs 
of the upper and lower level electrodes 40a and 40b in 
the same manner as described above in connection with 
the CCD electrodes 13a, 13b. The main channel 40 is 
terminated in a ?oating diffusion 50 of a conductivity 
type opposite to that of the substrate 1. The retrace 
channel 42 is de?ned by a channel stop 42' and is lo 
cated adjacent an opening 40” in the channel stop 40’. 
Charge transfer through the opening 40” is controlled 
by an overlying retrace electrode 54 connected to re 
ceive a clock signal (by-R1. 
During the scanning movement of the optical device 

3 from time Ta to time T1, during which the image ele 
ment 9 is located in the ?eld of view 10 between the hot 
and cold surfaces 33, 35, the retrace electrodes 54 is 
held at a repulsive potential to prevent charge transfer 
through the opening 40” so that charge packets trans 
ferred from right to left in the main channel 40 enter the 
?oating diffusion 50. However, during the retrace 
movement of the optical device 3 from time T1, to time 
Te (during which the image element 9 is located ?rst on 
the hot surface 33 and then on the cold surface 35), the 
retrace electrode 54 is set to an attractive potential to 
cause charge packets transferred from right to left in the 
main channel 40 to be diverted through the opening 40" 
into the retrace channel 52. At the end of the retrace 
period at time Te, the retrace electrode 54 is again set to 
a repulsive potential to prevent charge transfer through 
the opening 40". 

2. The Subtractor 56 
The subtractor 56 illustrated in FIG. 3b processes 

charge packets stored in the retrace floating diffusion 52 
and includes elements disposed in the retrance channel 
42 which are best shown in the plan view of FIG. 3c, 
including a reset diffusion 58 adjacent the floating diffu 
sion 52 and a reset electrode 60 overlying the substrate 
1 between the two diffusions 52,58. The reset diffusion 
58 is connected to a voltage source V0. The subtractor 
56 also includes elements external of the retrace channel 
42 including a capacitor 62 and a reset transistor 64 
shown in FIG. 3b. The ?oating diffusion 52 is con 
nected to the right electrode 62a of the capacitor 62. 
The left capacitor electrode 62b is connected by the 
reset transistor 64 to a voltage source V0. The transistor 
64 is a metal oxide semiconductor ?eld effect transistor 
(MOSFET) formed on the substrate 1. The output 56’ 
of the subtractor 56 is the left capacitor plate 62b. Oper 
ation of the subtractor 56 is controlled by the clock 
signal (bTRl (having a time domain waveform illustrated 
in FIG. 5e) applied to the retrace electrode 54, a clock 
signal ¢51 (having a time domain waveform illustrated 
in FIG. 5f) applied to the electrode 60 and a clock signal 
(p52 (having a time domain waveform illustrated in FIG. 
5g) applied to the gate of the MOSFET 64. 

Operation of the subtractor 56 will now be described 
by simultaneous reference to FIG. 3b and FIG. 5. At 
time t1 of FIG. 5, the clock signals (p51 and (p52 are on, 
causing both plates 62a, 62b of the capacitor 62 to be set 
to the potential of the voltage source V0. At time T2, 
the clock signal <i>51 is off, permitting the potential of the 
right capacitor plate 620 and of the diffusion 52 to float. 
Thereafter, at time T3 the potential of the retrace elec 
trode 54 is set to an attractive voltage by the clock 
signal ¢TR1 in order to divert the next incoming charge 
packet Vhot indicated in FIG. 5d into the retrace chan 
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nel 42 through the opening 40". Simultaneously, at time 
T3 the charge packet Vho, passes beneath the retrace 
electrode 54 and is stored in the ?oating diffusion 52, 
thus increasing the potential of the right capacitor plate 
62 from V0 to VQ-i-vhm. The clock signal qbsz is then 
turned off at time T4 to allow the potential of the left 
capacitor plate 62b to ?oat, after which, at time T5, the 
clock signal rim is again turned on to cause removal of 
the charge packet Vim; from the ?oating diffusion 52 
beneath the reset electrode 60 to the reset diffusion 58, 
thus creating an opposite displacement current at the 
left capacitor plates 62b. As a result, the left capacitor 
plate 62b is at a potential equal to Vo-Vhm at time T5. 
Thereafter, the potential of the right plate 62a is al 
lowed to ?oat when the clock signal (1)51 turns off at 
time T6. At time Td the optical device 3 has retraced the 
narrow image element 9 vertically upward to the top 
350 of the cold surface 35 so that the next incoming 
charge packet Vm1d indicated in FIG. 5 is of small mag 
nitude. The clock signal ¢TR1 is still on at time Td, 
causing the charge packet Vwld to be diverted beneath 
the retrace electrode 54 into the retrace channel 42 and 
stored in the retrace ?oating diffusion 52, creating a 
positive displacement current at the left capacitor plate 
62b. As a result, at time Td the potential of the left ca 
pacitor plate is increased to V()—Vhor+ V0014, which is 
the difference voltage Vhc discussed previously. The 
clock signal ¢TR1 is then turned off at time T7 to prevent 
subsequent charge packets in the main channel 40 from 
passing through the opening 40" and also to trap the 
V601,; charge packet in the retrace diffusion 52 so that 
the difference voltage Vhc is continuously maintained at 
the left capacitor 62b. Therefore, commencing at time 
T7, the subtractor output 56’ applies the difference volt 
age Vhc to the multiplier input 70b and continues to do 
so during the subsequent optical scanning period from 
time Te to time Tf. 

It should be noted that the difference voltage Vhc 
maintained at the subtractor output 56’ has a predeter 
mined amplitude V0—V;,,,;+Vm1d which is determined 
by the temperature of the hot surface 33, the tempera 
ture of the cold surface 35 and the voltage of the source 
V0. 

3. The Main Channel 40 
Associated with the main channel 40 are two reset 

MOSFETS 80,82 which connect the floating diffusion 
50 to two voltage sources Vd,V1, respectively. The gate 
of the MOSFET 80 is controlled by the clock signal 
¢TRZ' illustrated in FIG. 5h, while the gate of the MOS 
FET 82 is controlled by the clock signal (in. The diffu 
sion 50 is connected to the multiplier input 70a, and the 
MOSFETS 80 and 82 function to periodically reset the 
voltage at the ?oating diffusion 50 to the voltages of the 
bias voltage sources Vd and V1 alternately. 
During the scanning movement of the optical device 

3 beginning at time T,,, the image element 9 is scanned 
downwardly in the ?eld of view 10 so that an image 
charge packet Vsigis generated in the column register 13 
and enters the main channel 40 at time T20 as indicated 
in FIG. 5d. Simultaneously, at time T20 the clock signal 
(in applied to the gate of the MOSFET 82 is turned on 
and resets the potential of the ?oating diffusion 50 to the 
potential of the voltage source V1. The image signal 
charge packet Vsig is clocked into the ?oating diffusion 
50 at time T21 under control of the clocked electrodes 
40a, 40b and is not diverted into the retrace channel 42 
because the clock signal ¢TR1 was turned off previously 
at time T7, as discussed above. As a result, at time T21 

20 

10 
the potential of the ?oating diffusion 50 is increased 
from V0 to VQ-l-Vgig so that the increased voltage 
VQ+Vsig is immediately applied to the multiplier input 
70a. Therefore, at time T21 a voltage proportional to 
Vsig is applied to the multiplier input 70a while the 
difference voltage Vhc is continuously applied to the 
other multiplier input 70b as discussed above. 

4. The Multiplier 70 
The multiplier 70 is a MOS multiplier which continu 

ously produces a voltage Vm at its output 70’ which, as 
will be shown later in the speci?cation, is proportional 
to the product of the voltage at its input 700 and the 
voltage at its input 70b. The multiplier 70 includes a ?rst 
MOSFET 72 having its drain connected to a voltage 
source Vdd and its source connected to the drain of a 
second MOSFET 74, the gate of the second MOSFET 
74 comprising the multiplier input 70b. The source of 
the second MOSFET 74 is connected to the drain of a 
third MOSFET 76, the gate of the third MOSFET 76 
comprising the multiplier input 70a, its source being 
connected to ground 78. The source of the MOSFET 
72 comprises the multiplier output 70’. Although the 
multiplier circuit described herein is a MOS multiplier 
comprising three MOSFETs 72, 74 and 76 of a type 
known in the art, any suitable multiplier may be used in 

' place of the multiplier 70 which has two inputs 70a, 70b 
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and an output 70' wherein the multiplier produces a 
product voltage at its output 70’ proportional to the 
voltage at its input 701: multiplied by the voltage at its 
input 70b. A derivation of the equations governing the 
operation of the MOS multiplier 70 will be made in an 
analysis set forth later in this application. An advantage 
of the MOS multiplier 70 is that it is easily integrated 
into the ARC circuit 30 on the focal plane substrate 1. 

5. The Subtractor 84 
The second subtractor 84 includes a capacitor 86 

having its right plate 860 connected to the muliplier 
output 70’ and its left plate 86b connected through the 
source and drain of a clocked reset MOSFET 88 to 
ground 78. The subtractor 84 operates to produce a 
difference voltage on its left plate 86b as follows: 
During the preceding retrace period, the clock signal 

¢S3 is applied at time T9 to the gate of the MOSFET 88 
to set the left capacitor plate 86b to ground potential. 
While the left plate 86b is thus held to ground potential, 
the clock signal (pm; is applied to the gate of the MOS 
FET 80 at time T10, setting the gate of the MOSF ET 76 
(the multiplier input 70a) to the potential of the voltage 
source Vd. Therefore, at time T10 the multiplier 70 im 
mediately produces an output voltage V, proportional 
to the product of the voltage Vd at its input 70a multi~ 
plied by the difference voltage Vhc continuously present 
at its other input 70b. Thus, at time T10, the voltage at 
the multiplier output 70’ is given as follows: 

(Since Vd and Vhc are both constant voltages, V, is also 
a constant reference level.) Consequently, the voltage 
on the right capacitor plate 860 is V, at time T10 while 
the voltage on the left plate 86b is ground potential. 
Thereafter, both of the clock signals am and (in-R2 are 
turned off at time T11 so that the potential of the left 
capacitor 86b is allowed to ?oat. 
As previously mentioned, at time T20 the clock signal 

qb; causes the transistor 82 to reset the potential of the 
?oating diffusion 50 to the voltage source V1 and at time 
T21 the ?rst image signal charge packet Vsig enters the 
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?oating diffusion 50, thus increasing the voltage applied 
from the ?oating diffusion 50 to the multiplier input 70a 
from V] to V1+Vsig. As a result, at time T21 the output 
voltage at the multiplier 70’ immediately reflects the 
change at its input 70a, and the new voltage Vm at the 
multiplier output 70' re?ects the product of its two 
inputs 70a,70b as follows: 

The change in voltage at the multiplier output 70’ at 
time T21 from V,- to Vm creates an opposite displace 
ment current at the left capacitor plate 86b so that the 
output voltage at the left capacitor 86b is equal to the 
change in voltage on the right capacitor plate 86a, 
namely, V,—Vm. The output voltage V0,‘; at the sub 
tractor output 84' at time t21 is thus given as follows: 

> It is a discovery of this invention that the desired 
cancellation of the terms in AR in the output voltage 
V0u,=V,—Vm may be achieved if the bias voltage V1 is 
selected to equal the bias voltage V4 and if the bias 
voltage V0 is selected to equal —2Z,R0H;,¢ where the 
term Z; is the transimpedance of the charge coupled 
device comprising the serial register 13 and its associ 
ated photodetectors 11, the term R0 is the uniform nom 
inal responsivity of the photodetectors 11 discussed 
above and the term Hhc corresponds to the difference 
voltage Vhc and is the difference in the power of the 
photon beams incident on the photodetectors 11 when 
the image element 9 is traced across the hot surface 33 
and when it is traced across the cold surface 35, respec 
tively. 

Thus, it is seen that at time T21, when the ?rst image 
signal charge packet Vsfg enters the ?oating diffusion 52 
in the main channel 40, an output voltage Va“, is pro 
duced at the subtractor output 84 which is representa 
tive of a signal in which the distortion due to the respon 
sivity deviation AR is substantially eliminated. 

Subsequently, at time T22 the clock signal (I); causes 
the potential of the ?oating diffusion 50 to be reset to 
the bias voltage source V1 while, simultaneously a sec 
ond image signal charge packet indicated in FIG. 5d is 
transferred into the main channel 40. At time t2; the 
second image signal charge packet is clocked into the 
?oating diffusion 50 to produce a second output V0,“ at 
the subtractor output 84’. The process is repeated in 
synchronism with the clock signals (in and (in so that the 
output voltage V0," at the subtractor output 84' follows 
the magnitude of subsequent image signal charge pack 
ets transferred at times T24, T26, T23, T30 in the main 
channel as illustrated in FIG. 5d. 

6. The Processor 89 
The processor 89 reads the output voltage V0,‘, at the 

subtractor output 84’ at times T21, T23, T24, T26, T28 and 
T30 and simultaneously applies a proportionate voltage 
to a CCD charge injector 90 to generate output charge 
packets loaded into a parallel input of the multiplexing 
register 15. The processor 89 scales the output voltage 
V0“, of the second subtractor 84 to generate a corrected 
image signal voltage V’sig applied to the CCD injector 
90. In the analysis given below in this speci?cation it 
will be shown that the processor preferably divides the 
voltage V0,‘, at the subtractor output 84’ by a scaling 
factor (VQ+V1R0Hhc) to produce a corrected image 
signal voltage V’sig, where VISig=ZtRQHSfg- Thus, the 
?nal image signal vlsig produced by the ARC circuit 30 
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and applied to the CCD charge injector 90 is the image 
photon beam power Hsfg multiplied by the uniform 
nominal responsivity R0 and the CCD transimpedance 
Z;, which is the desired result. The charge injector 90 
may be any type of CCD charge injection device well 
known in the art, although the charge injection device 
90 illustrated in FIG. 3b is a gate modulation input 
which is described in the above-referenced Sequin pub 
lication, and includes a control gate 91 connected to 
receive the voltage V’sig from th output of the processor 
89, a screen electrode 92 connected to a bias voltage 
source Vs, a reference electrode 93 connected to a bias 
voltage source Vb and an input diffusion 94 of a conduc 
tivity type opposite to that of the substrate 1 which is 
connected to receive the clock signal <l>d,~jf, (having a ‘ 
time domain waveform illustrated in FIG. 5a), and an 
output channel 95 including upper and lower level elec 
trodes 95a, 95b connected to receive the clock signals 
(1)] and (D2 in alternate'pairs. The charge injector 90 
generates charge packets transferred from right to left 
in the output channel 95 in synchronism with the clock 
signals (#1, (1:2 (using principles well-known in the art). 
From the foregoing description it should be apparent 

to those skilled in the art that each time an image signal 
charge packet (V Sig) is clocked into the ?oating diffu 
sion 50 in the main channel 40, for example, at time T20, 
a corresponding output charge packet is almost immedi 
ately injected from the CCD injector 90, in this example 
at time T11, this output charge packet being propor 
tional to the output voltage Vow at the subtractor output 
84’ (and scaled by the processor 89) in which the distor 
tion due to the non-uniform responsivity deviation AR 
has been substantially removed. 

C. Analysis of the Signal Processing 
The foregoing selection of the bias voltages V0, V1, 

Vd and selection of the scale factor (V00+Z,R0 Hhc) 
utilized by the processor 89 may be intuitively under 
stood through the following simpli?ed analysis: 
As discussed previously, the current produced during 

optical scanning by the im vertical column of photode 
tectors 11 may be characterized as the product of the 
average responsivity Ri of that column of photodetec 
tors multiplied by the power of irradiance Hsig of the 
incident beam of photons. De?ning the current gener 
ated by the photodetectors as I, the following equation 
obtains: 

As discussed previously, Rimay be expressed as fol 
lows: 

The corresponding potential Vxig of the ?oating diffu 
sion 50 produced by the photodetector current I is the 
product of the current I and the trans-impedance Z, of 
the charge coupled device comprising the ith column of 
photodetectors 11 and its corresponding column regis 
ter 13. From this product, a term v1 must be subtracted, 
corresponding to the potential of the voltage source V1 
to which the diffusion 50 is periodically reset. Summa 
rizing the foregoing, during the scanning period from 
the Te to time Tf of FIGS. 4 and 5, the voltage Vsig 
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applied to the multiplier input 70a from the main chan 
nel ?oating diffusion 50 is given by: 

The subtractor 56 subtracts two voltages V;,,,¢=Z; 
(Ro+ ARDHhor and vcald= Z: (R0+ARi)HcoId generated 
in the retrace ?oating diffusion 52 during the retrace 
vperiod from time Tc to time T4 of FIG. 4, when the 
optical device 3 views the irradiance Him; and H601‘; of 
the hot and cold reference 33 and 35 respectively. 
Because the retrace diffusion 52 is periodically reset 

to the voltage source V0, it may be shown that the 
reference voltage Vhc applied to the multiplier input 70b 
from the subtractor output 56’ is given by: 

It should be recognized that the desired undistorted 
image signal voltage vlsfg is the product of the tran 
simpedance 2;, the irradiance of the image Hsfg and the 
uniform responsivity R0, exclusively, or: 

The purpose of the ARC circuit 30 is to transform the 
received signal voltage Vsig into the undistorted signal 
voltage V’sig, which is accomplished in accordance with 
the derivation given below. 
The source-to-drain current Ids of the MOSFET 76 

may be expressed as a function of the source-to-drain 
voltage V115, the gate-to-source voltage V8, and the 
threshold voltage V; of the MOSFET 76 according to a 
general formula given in Penney et a1, MOS Integrated 
Circuits, Van Nostrand, Reinhold, New York (1972), p. 
69: 

IdS=B[VdS( Vgr— V:)— VZdS/ZL 
> (3) 

where B is the product of the minority carrier mobility, 
the oxide capacitance and the channel width divided by 
the channel length of the MOSFET 76. FIG. 3a shows 
that the gate-to-source voltage V3; is equal to the volt 
age Vsig applied to the gate of the MOSFET 76. 

In the preferred embodiment of the invention, the 
bias voltage Vdd applied to the MOSFET 72 in the 
multiplier 70 is of suf?cient magnitude to maintain the 
MOSFET 74 in saturated condition. As discussed at p. 
66 in the above-referenced Penney publication, the 
drain voltage of saturated MOSFET 74 is approxi 
mately given by the difference between the voltage Vhc 
applied to its gate and its threshold voltage Vt, which 
difference shall be termed V’hc where V'hc=Vhc—V,. It 
should be recognized that the drain voltage V’hc of the 
MOSFET 74 is also the source-to-drain voltage Vds of 
the MQSFET 76. Therefore, 

Vds= Y'hc- (3 a) 
Also, as discussed above, 

V8,: V,,-g. (3 b) 
FIG. 3 shows that the drain and gate of the MOSFET 

72 are connected together, which causes the MOSFET 
72 to have a constant source-to-drain resistance R1. 
Hence, the voltage Vm at the output 70' of the multiplier 

20 

25 

' tively, 

35 

40 

60 

14 
70 is equal to the difference between the bias voltage 
Vdd and the product of the resistance R1 and the source 
to-drain current Ids, which may be expressed as 

Substituting equations 3a, 3b and 4 into equation 3: 

vm=vdd—RlB[v'hc(Vrig—vt)—v'zhc/zl (5) 
Equation 5 de?nes the output voltage Vm of the multi 
plier 70 during the scanning period from time Te to Tfof 
FIG. 4. However, during a portion of the retrace period 
between times Td and Te, the clock signal (Pm; applied 
to the MOSFET 80 causes the gate of the MOSFET 76 
to be set to the potential of the voltage source Va'. The 
resulting voltage V, at the output 70’ of the multiplier 70 
between times T4 and Te may be obtained from equation 
5 by substituting the potential of the voltage source Vd 
for the signal voltage V518 to obtain the following equa 
tion: 

V,= Vdd—R1B[V'hc(Vd— Ila-Wm]- (6) 

Equation 6 expresses the voltage V, of the multiplier 
output 70’ during the short period between times Ta and 
Te in which the gate of the MOSFET 76 is set to the 
potential of the voltage source V4. 

It will be remembered that the subtractor 84 operates 
to compute the difference between the two voltages 
Vm and V, occurring during the time windows between 
times Te and Tfand between times Td and Te, respec 

to obtain a subtractor output voltage, 
Vou,=Vm—V,. The voltage V0,‘, may be computed by 
substituting equations 1 and 2 into equations 6 and 5 
respectively and then subtracting equations 6 and 5 
from one another, resulting in a complex expression 
including terms in AR; and ARF. As discussed previ 
ously, if AR; is sufficiently smaller than R0, the term 
AR,2 is a negligible source of error. However, the term 
ARi remains a signi?cant source of error. The term in 
'ARi may be eliminated in the complex expression ob 
tained in the foregoing subtraction by selecting the bias 
voltages V0, VIand Vd to satisfy the following equality: 

VOHsig=(Vd* Vl)Hhr:= —2ZtR0HhcHslg' (7) 
Preferably, the following selection of bias voltages is 
made: 

V1; Vd and V0: 42,1201”, 

If this selection of bias voltages is made, the above-men 
tioned subtraction of equations 5 and 6 yields the fol 
lowing expression: 

Equation 8 shows that the output voltage V0,‘, gener 
ated by the subtractor 84 contains only small distortions 
(or responsivity deviations) due to the negligible error 
source ARR, and contains no terms in ARi. The last term 
in equation 8, namely, (ZIZARI'ZHIhCHSIg), may be disre 
garded because the term AR,2 is a small number in com 
parison with R0 and R02, so that the output voltage of 
the subtractor 84 may be approximately expressed as: 
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which demonstrates that the distortion due to terms in 
AR have been effectively removed. Equation 9 shows 
that the desired undistorted image signal V’sig, may be 
obtained by scaling the output voltage V0”; by the fac 
tor —(V 0+ZtR0H'h¢)_1. This scaling is performed by 
the processor 89, as indicated in FIG. 3c, thus: 

The new signal voltage V’sig generated by the processor 
89 is applied to the charge injection structure 90 to 
generate a serial train of charge packets representative 
of an output video signal V’Sig which is substantially free 
of contributions due to the nonuniform responsivity 
deviation AR,-. 

It should be recognized by those skilled in the art that 
other variations of the ARC circuit 30, not discussed in 
this speci?cation, are possible, which do not depart 
from the true scope of the invention. For example, the 
location of the hot and cold reference surfaces 33 and 
35, respectively, relative to the ?eld of view 10 may be 
rearranged, or the motion of the optical device 3 may be 
varied so as to generate the various signals Vhot, Vwld 
and thus Vsig in a sequence different from the one illus 
trated in FIG. 5a’. Also, while a two-phase CCD clock 
ing scheme is shown in the drawings as controlling 
charge transfer using the clock signals (D1 and (D2, a 
different clocking scheme may be employed, which 
may require a corresponding change in the time domain 
waveforms of the clock signals (D51, $52, $53, <l>TR1 and 
(P7112. Furthermore, while the charge sensing means in 
the main and retrace channels have been described as 
?oating diffusions 50 and 52, respectively, it should be 
apparent that any suitable charge sensing device such as 
the various charge sensing devices in Sequin et a1, 
Charge Transfer Devices, Academic Press, NY. (1975), 
pp. 52-58, including, for example, a resettable ?oating 
electrode, may be used. Similarly, while the charge 
injector 90 is shown as a CCD gate modulation device, 
any suitable charge input device, such as the various 
input devices discussed at pp. 48-52 in the above 
referenced Sequin publication, may be utilized. Finally, 
other variations of the multiplying circuit 70 may be 
used while not departing from the true scope of the 
invention. It should also be noted that scaling of the 
output voltage V0“, at the subtractor output 84’ may be 
accomplished by means other than the processor 89, 
and that the scaling factor discussed, (V oZtRoHhc) may 
be discarded in favor of any other factor which is com 
patible with individual system requirements, inasmuch 
as the scaling performed by the processor 89 does not 
participate in the elimination of the AR signal terms. 
What is claimed is: 
1. In a charge coupled device (CCD) focal plane 

array of photodetectors formed on a semiconductive 
substrate which is optically scanned and retraced over a 
?eld of view to generate image signal charge packets 
during the optical scanning and to generate ?rst and 
second reference level charge packets during the opti~ 
cal retracing, a circuit for automatically compensating 
for deviations in optical responsivity among the photo 
detectors, comprising: 

a CCD main channel disposed in said substrate so as 
to receive said image charge packets and said ?rst 
and second reference level charge packets; 

a CCD retrace channel in said substrate; 
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a clocked retrace electrode positioned so as to divert 

said reference level charge packets from said main 
channel into said retrace channel; 

charge coupled ?oating sensor means in said main 
channel periodically reset to a ?rst voltage V1 for 
generating an image signal voltage V516 in re 
sponse to each of said image signal charge packets; 

charge coupled ?oating sensor means in said retrace 
channel for generating reference voltages VHOT 
and VCOLD in response to said ?rst and second 
reference level charge packets, respectively, dur 
ing said optical retracing; 

means for subtracting said reference voltages VHOT 
and VCOLD from one another during said optical 
retracing to establish an output voltage V Hc super 
imposed on a reference voltage V0; 

a multiplier having two inputs and an output, one of 
said inputs connected to receive said ?rst substrac 
tor output voltage VHC, the other of said inputs 
connected to said main channel charge sensor so as 
to generate a voltage VM at said multiplier output 
which is proportional to the product VSIGXVHC; 

means for periodically holding said other multiplier 
output to a third voltage Vd so as to generate a 
voltage VR at said multiplier output which is pro 
portional to the product VdXVHC, 

means for subtracting said multiplier output voltages 
VM and VR to generate a difference voltage VOUT, 
wherein the voltages V0, V1, and Vd are selected so 
as to minimize the contribution of said detector 
responsivity deviations to said output voltage 
Vour 

2. The device of claim 1 wherein said ?rst voltage V] 
is equal to said third voltage Vd, and said second volt 
age V0 is proportional to said reference voltage VHC. 

3. The device of claim 1 further comprising means for 
generating output signal charge packets including pro 
cessor means for transforming said output voltage 
VOUT into a signal voltage V’SIG, and a CCD charge 
injector having a control electrode connected to re 
ceive said signal voltage V'SIG. 

4. The device of claim 3 wherein said processor 
means introduces a scaling factor between said output 
voltage VOUTand said signal voltage V’SIG, said scaling 
factor proportional to the voltage VHC. 

5. In a focal plane array comprising a plurality of 
photodetectors each generating a photocurrent which is 
proportional to the irradiance of radiation incident on 
the array multiplied by the sum of a nominal photode 
tector responsivity R0 which is uniform among the 
photodetectors plus a photodetector responsivity devia 
tion AR which is not uniform among the photodetec 
tors, a method for producing an output signal which is 
free of distortion due to the responsivity deviation AR, 
comprising: 

focusing onto said array a ?rst reference beam of a 
?rst known irradiance to generate a ?rst reference 
signal VH; 

focusing onto said array a second reference beam of a 
second known irradiance to generate a second 
reference signal Vc, 

forming a difference voltage VHC=VH—VC, super 
imposed on a bias voltage V0; 

focusing onto said array an image to generate a signal 
voltage V515 superimposed on a bias voltage Vr, 

generating a voltage V R which is proportional to the 
product of said difference voltage V Hc multiplied 
by a bias voltage Vd; 
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generating a voltage VM which is proportional to the 
product VSIGXVHC; and ' 

subtracting said voltages VM and VR to form a differ 
ence output Vol/T, wherein said bias voltages V0, 
V1 and V]; are selected to substantially eliminate 
the coef?cients of AR in VOUT. 

6. The method of claim 5 wherein said bias voltages 
are selected as follows: 

VO=ZTROHHC, where ZTis the transimpedance of 
the charge transfer device and HHC is the differ 
ence in irradiance of the ?rst and second reference 
beams. 

7. The method of claim 5 further comprising the step 
of scanning said image across the ?eld of view to gener 
ate a serial sequence of image signals V516. 

8. The method of claim 7 wherein said scanning is 
performed in synchronism with charge transfer in said 
charge transfer device. 

9. The method of claim 7 wherein each succeeding 
image signal VSIG is utilized to generate a new product 
voltage VM so as to generate successive output voltages 
VOUT in synchronism with said charge transfer. 

10. In a charge coupled device (CCD) focal plane 
array of photodetectors formed on a semiconductive 
substrate and optically scanned and retraced over a ?eld 
of view to generate image signal charge packets during 
optical scanning and to generate HOT and COLD ref 
erence level charge packets during optical retracing, a 
circuit for automatically compensating for deviations in 
optical responsivity among photodetectors, comprising: 

a CCD main channel and a CCD retrace channel on 
said substrate; 

means including a clocked retrace electrode for di 
verting said reference level charge packets into 
said retrace channel; 

charge sensing means in said main channel periodi 
cally reset to a ?rst voltage V] for generating an 
image signal voltage VSIG in response to each of 
said image signal charge packets; 

charge sensing means in said retrace channel for gen 
erating reference voltages VHOT and VCOLD in 
response to said HOT and COLD reference level 
charge packets, respectively, during said optical 
retracing; 

a ?rst subtracting capacitor having two plates, one of 
said plates connected to said retrace channel sensor 
means to receive said reference voltages VHOTand 
VCOLD during said optical retracing, the other of 
said plates having its potential set to a second volt 
age Vo whenever said one plate receives one of 
said voltages VHOT and VcoLp, said other plate 
having its potential ?oating whenever said one 
plate receives the other of said voltages VHOT and 
VCOLD, so that said other plate is at a potential 
VH0T— VCOLD+VO=VHC during said optical 
scanning; 

a multiplier having two inputs and an output, one of 
said inputs connected to receive said difference 
voltage VHC, the other of said inputs connected to 
said main channel charge sensor means so as to 
generate a voltage VM proportional to the product 
VSIGXVHC at said multiplier output; 

means for periodically holding said other multiplier 
input to a third voltage Vd so as to generate a volt 
age VR proportional to the product VdXVHc, and 

a second subtracting capacitor having two plates, one 
of said plates connected to said multiplier output, 
the other of said plates having its potential set to a 
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fourth voltage VG whenever said multiplier input is 
held to said third voltage VD by said holding 
means, said other plate having its potential floating 
during said optical scanning so as to assume a po 
tential VOUT proportional to VM— VR during said 
optical scanning. 

11. The device of claim 10 wherein said multiplier 
comprises ?rst and second transistors formed in said 
substrate, each of said transistors having a source, a 
drain and a gate, the source of said ?rst transistor con 
nected in series combination to the drain of said second 
transistor, the gate of one of said transistors connected 
to said other capacitor plate of said ?rst subtracting 
capacitor, the gate of the other of said transistors con 
nected to said main channel charge sensing means, said 
multiplier further comprising a bias voltage source con 
nected in series with said ?rst and second transistors. 

12. The device of claim 10 further comprising means 
for generating output signal charge packets comprising: 

a processor having an input and an output, said input 
connected to receive said voltage VOUT, and 

a CCD charge injector having a control electrode, 
said control electrode connected to the output of 
said processor, wherein said processor performs a 
scaling function by dividing the voltage VOUTby a 
number proportional to the voltage VH0. 

13. An imager comprising in combination a charge 
transfer device readout from a focal plane array of a 
plurality of photodetectors, said photodetectors having 
an average responsivity R0 which is the same through 
out the array, each photodetector having an individual 
responsivity deviation AR which varies among the pho 
todetectors, said imager including an aperture through 
which an image source periodically illuminates said 
array to generate a signal charge packet in said charge 
transfer device readout and a reference source of radia 
tion which periodically illuminates said photodetector 
array to generate a reference charge packet in said 
charge transfer device readout so that said ?rst and 
second charge packets may be separately operated upon 
and then combined to generate a result signal in which 
the coef?cients of AR are substantially eliminated, said 
imager further comprising in combination with the 
foregoing: 
means including a ?rst charge flow channel for re 

ceiving said ?rst and second charge packets and 
including second and third channels and further 
including means for separating said ?rst and second 
charge packets into said second and third channels 
respectively; 

means including ?rst and second inputs connected to 
said second and third channels for sensing ?rst and 
second signal levels corresponding to said ?rst and 
second charge packets and for processing said ?rst 
and second signal levels to generate an output sig 
nal. 

14. The imager of claim 13 wherein said ?rst and 
second signal levels are each proportional to (R0+ AR) 
and wherein said output signal generating means in 
cludes: 
means for multiplying said ?rst and second signal 

levels to generate a ?rst voltage Vm which is pro 
portional to (R0+AR)2; 

means for generating a predetermined voltage V, 
which is proportional to (R0+AR)2; and 

means for performing the subtraction V,,,—V, 
wherein the coef?cients of AR are substantially 
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